Introduction {#sec1}
============

In its infancy, the field of organocatalysis saw rapid growth in terms of novel synthetic applications with a general lack of rational mechanistic understanding.^[@ref1]^ Reaction optimization appeared to be empirical rather than rational because the understanding of reaction mechanisms, the characterization of competing unwanted reactions, and ultimately the rational design and optimization of reactions require knowledge of intermediate structures, stability, and formation pathways.

The ability of NMR spectroscopy to provide information not only about reactant structures but also about their aggregation states and intermolecular interactions in solution makes NMR methods extremely valuable for clarification of reaction mechanisms. Furthermore, in ideal situations, the profound structural information gained by these techniques may serve as an important input for theoretical calculations and be used to validate or even further develop theoretical methods. Moreover, real reaction conditions can be directly studied in situ since the concentration requirements for NMR experiments are often close to those of synthetic applications, especially in organocatalytic reactions. Despite these advantages, there are also well-known and often critical limitations. For organocatalytic studies, low NMR sensitivity and poor time resolution impede the detection of interactions and short-lived/low-populated intermediates. Furthermore, in complex reaction mixtures, spectral overlap of similar species and the connection between intermediates and transition states (TSs) are generally difficult to resolve without theoretical calculations.

This Account will discuss the problems mentioned above and our approach to solving them. First, in enamine catalysis, the low stability and complicated equilibria between intermediates impeded enamine detection and structural investigation. In dienamine catalysis, the reaction topography was not consistent with the requirements for monitoring. In the prototypical chiral phosphoric acid (CPA)-catalyzed transfer hydrogenation of imines, the structural investigation of the proto-binary complex was hindered by severe spectral complexity. In the last section of this Account, we highlight our recent progress in decoding experimentally active TS combinations by merging NMR spectroscopy with photoisomerization. The arsenal of solutions presented in this Account ranges from technical aspects in terms of NMR spectroscopy, understanding of complex equilibria between intermediates, and adjustment of reaction kinetic profiles to the application of external stimuli to decrypt undetectable TSs.

Enamine Catalysis: Detection of Intermediates and Mechanistic Insights {#sec2}
======================================================================

Enamine catalysis is one of the most prominent methods for the enantioselective α-functionalization of carbonyl compounds.^[@ref2]^ The first synthetic application, known as the Hajos--Parrish--Eder--Sauer--Wiechert reaction, dates back to 1974.^[@ref3]^ Despite many synthetic advances and developments in the past 50 years, detection of the key enamine intermediate remained one of the biggest challenges in spectroscopy. The first in situ detection and characterization of this important reactive intermediate was achieved in our working group in 2010 using NMR spectroscopy.^[@ref4]^ Parallel to our work, List and co-workers reported the crystal structures of stabilized fluoro-substituted enamines.^[@ref5]^ The formation of the experimentally detectable *endo*/*exo*-oxazolidines/oxazolidinones from prolinol/proline catalysts was in fact postulated to be a "parasitic equilibrium" or even a "dead end".^[@ref6]^ This escape mechanism was thought to be responsible for the short lifetime of the enamine in the catalytic cycle. Therefore, the key to success was to understand the stabilization modes of enamines versus oxazolidines/oxazolidinones ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a).^[@ref4],[@ref7]^

![[l]{.smallcaps}-Proline-catalyzed self-aldolization of aldehydes. (a) Proposed equilibria between starting materials, iminium ions, enamines, and oxazolidines.^[@ref7]^ (b) Evolution of intermediates derived from isovaleraldehyde and prolinol-type organocatalysts in DMSO-*d*~6~ monitored by 1D ^1^H NMR spectroscopy. Adapted from ref ([@ref7]). Copyright 2011 American Chemical Society.](ar-2017-003203_0001){#fig1}

As shown by our extensive studies, the detection of enamines is very delicate and is dependent on the H-bond acceptor ability of the solvent and the substitution pattern of the aldehyde ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b).^[@ref7]^ First, substituent effects within the five-membered oxazolidine/oxazolidinone ring were analyzed. Digeminal substitution using ketones ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a) and/or aromatic groups on the catalyst shielding moiety ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b, blue) promotes ring closure via the Thorpe--Ingold effect. Hence, enamines derived from diphenylprolinol are virtually removed from the catalytic cycle, whereas those from prolinol can be detected in solution ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b, green). The enamine intermediate can be accumulated by slowing the aldolization process via β-substitution of the aldehyde ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a) and employing H-bond-accepting solvents, which stabilize the enamine intermediate ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b).^[@ref4]^

![(a) Substituent and (b) solvent effects on enamine detection. The percentages shown refer to the maximum amounts of enamine intermediate detected in the reaction (total amount of intermediates equals 100%). Adapted with permission from ref ([@ref4]). Copyright 2010 John Wiley and Sons.](ar-2017-003203_0002){#fig2}

By knowledge of these effects and the use of equimolar mixtures of aldehyde and secondary amine in DMSO-*d*~6~, the amount of the previously elusive enamine could be increased to as much as 20% of the detectable intermediates, allowing for full structural characterization. The NMR spectroscopic assignments of this complex mixture of starting material, intermediates, and products were accomplished by recording short-period HSQC/COSY spectra at various times during the reaction. Furthermore, repetition of the measurements on freshly prepared samples in combination with the high sensitivity of a cryoprobe drastically enhanced the signal intensity and allowed extensive assignment of intermediates.^[@ref4],[@ref7],[@ref8],[@ref16]^

Having established a correlation between enamine concentration and reactivity,^[@ref7]^ we focused again on proline enamine formation pathways.^[@ref8]^ While it was generally accepted that the enamine is formed via an iminium intermediate,^[@ref9]−[@ref11]^ no direct experimental evidence existed until recently. 2D exchange spectroscopy (EXSY) experiments^[@ref4]^ showing exchange peaks between the oxazolidinones and enamines suggested that base-assisted enamine formation occurs directly from the oxazolidinone, as previously proposed by Seebach (E2 elimination).^[@ref12]^ However, reliable kinetic information from 2D spectra could not be obtained since the mixing times (τ~mix~) necessary for acceptable signal/noise ratios were far greater than the initial linear buildup region. Fine-tuning of the synthetic and spectroscopic techniques (dry DMSO, optimal aldehyde substitution pattern, and selective 1D EXSY spectra) was necessary to obtain reliable kinetic information and allow mechanistic questions about a particular step in the reaction mechanism to be answered. Thus, the rate of enamine formation in DMSO was quantitatively determined by selective 1D ^1^H EXSY and compared with that obtained by high-level theoretical calculations at the coupled cluster singles, doubles, and perturbative triples/complete basis set (CCSD(T)/CBS) level for interpretation and validation.^[@ref8]^

Different iminium pathways for enamine formation were proposed ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) and rationalized by theoretical calculations, mainly using density functional theory (DFT).^[@ref10],[@ref11]^ In most cases, DFT is still the first choice in computational chemistry. To obtain quantitative reaction energies and rates, higher theoretical levels, such as perturbation theory or coupled cluster theory, with very large basis sets are usually necessary. Currently, the efficient implementation of domain-based local pair natural orbital (DLPNO) in coupled cluster theory allows the calculation of moderately large molecules (∼100 atoms).^[@ref13]^ Nevertheless, even at very high levels of theory such as CCSD(T), significant deviations between theory and experiment may be observed. Often this failure can be attributed to the incomplete description of solvent effects. Several solutions are available, ranging from the implicit solvation model and cluster continuum model to explicit solvation. While implicit solvation is computationally easy, it is not able to mimic the explicit interactions between solute and solvent (e.g., H-bonding), which can be taken into account by the inclusion of explicit solvent molecules (cluster continuum model). The impact of such explicit solvent molecules in the calculation of the stability of enamines was shown by Blackmond and Houk^[@cit14a]^ as well as by Sunoj^[@cit14b]^ and Smith.^[@cit14c]^ In the absence of solvent molecules, the enamine is thermodynamically very unstable. Hence, an explicit solvent molecule is compulsory in this investigation.

![Summary of the proposed enamine formation pathways. Adapted from ref ([@ref8]). Copyright 2015 American Chemical Society.](ar-2017-003203_0003){#fig3}

Our calculations showed that the ring-opening step of the oxazolidinone to form the iminium is several orders of magnitude faster than the proton abstraction leading to the enamine. This means that the latter is the rate-determining step (RDS) for enamine formation and must be compared to the experimental data. Our EXSY measurements and theoretical calculations revealed that in the absence of basic additives, the formation of the enamine is water-assisted and faster from *exo*-oxazolidinone ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, paths ***i*** and ***ii***: Δ*G*~exp~^⧧^(*exo* → ena) = 79 kJ/mol and Δ*G*~exp~^⧧^(*endo* → ena) = 80 kJ/mol). The enamine formation, especially from the *endo*-oxazolidinone, is accelerated significantly by bases, and the acceleration is correlated with the strength of the base ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, path ***iii***: Δ*G*~exp~^⧧^(*endo* → ena) = 71--76 kJ/mol). This result confirmed the pathways proposed by List and Houk ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, paths ***i***--***iii***) based on the generation of enamines via iminium ions.^[@ref10]^ Alternative enamine pathways via an oxazolidinone ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, paths ***iv*** and ***v***), either nucleophile- or base-assisted, were also proposed. However, the experimental enamine formation rate is independent of proline concentration or additive nucleophilicity. This result excludes participation of the nucleophile or the proline derivative in the oxazolidinone ring opening as depicted in pathways ***iv*** and ***v*** under our experimental conditions. Furthermore, ongoing studies using enhanced NMR methods allowed for the direct detection of the iminium intermediate.

However, parallel to our study,^[@ref8]^ Vetticat and co-workers performed kinetic isotope effect (KIE) studies and a computational study of similar reactions in acetonitrile and showed that E2 elimination pathway ***v*** is indeed possible.^[@ref15]^ However, for the KIE experiments to be applicable, the enamine formation itself must be the RDS, while for NMR studies to be effective, the RDS must occur after the formation of the enamine intermediate. Thus, this reaction is an excellent example of the existence of multiple mechanistic pathways in catalytic reactions in the case of deviating experimental conditions.

NMR Conformational Analysis of Prolinol/Prolinol Ether Enamines/Dienamines {#sec3}
==========================================================================

The full conformational analysis of prolinol/prolinol ether-derived enamines was accomplished by exploiting the expertise gained during our investigation of proline-derived enamines and applying ^1^H,^1^H NOESY and coupling constant analysis.^[@ref16]^ First, a characteristic and well-separated proton signal is required (e.g., H~1~ for enamines; [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). The conformation is then determined by analyzing the relative intensities of the NOEs and the homo/heteronuclear coupling constants. The preference for the *s*-*trans* conformation was proven by a strong NOE between H~1~ and H~α~ and confirmed by the cross-peak intensity between H~1~ and C~α~ in the HMBC experiment. The *E* configuration of the double bond was confirmed by coupling constant analysis ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}).

![Conformational analysis of diaryl(ether)--prolinol di/enamines. Adapted with permission from refs ([@ref16]) and ([@ref18]). Copyright 2011 Royal Society of Chemistry and 2016 American Chemical Society, respectively.](ar-2017-003203_0004){#fig4}

The puckering of the pyrrolidine ring is associated with enamine reactivity, and it is therefore an important parameter to determine.^[@ref17]^ Generally, two pucker conformations were considered: the concave/up conformation and the convex/down conformation ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). The conformational preference of the ring can be measured via ^3^*J* scalar couplings between H~α~ and H~β2~ and between H~δ2~ and H~γ1~. In the down conformation, small values for ^3^*J*(H~α~,H~β2~) and ^3^*J*(H~δ2~,H~γ1~) are observed, while small values for ^3^*J*(H~δ1~,H~γ2~) are indicative of the up conformation. Interestingly, the catalyst alone does not show any conformational preference; instead, a dynamic equilibrium is established between the two forms (^3^*J*(H~α~,H~β1/2~) \> 7 Hz). In contrast, enamine formation forces the pyrrolidine system to adopt the down conformation with all catalysts investigated to date. The experimental values for diaryl(ether)--prolinol enamines (^3^*J*(H~α~,H~β2~) = 1.5--2.5 Hz) suggest a purely down pyrrolidine ring conformation, which is a vital steric requirement for electrophilic attack. In addition to NOESY analysis, a conformational screening method was developed to determine the C~α~--C~ε~ bond conformation (*sc*-*endo*/-*exo*), which is directly reflected in the H~1~ and H~γ2~ chemical shifts. Prolinol enamines were found to prefer the *sc*-*endo* conformation, whereas prolinol--ether enamines adopt the *sc*-*exo* conformation. Comparing the conformational preference with the stereoinduction mode of the prolinol enamines shows that the OH substituent may form H-bonds with the incoming electrophile, thus facilitating the upper-face selectivity, while the aryl substituent may serve as an effective shielding group. The conformational analysis of the dienamines revealed the same configurational preferences as those of enamine catalysis ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}).^[@ref18]^

This enamine study showed that understanding of the intra- and intermolecular stabilization modes of intermediates can facilitate the detection of elusive intermediates, the determination of structural preferences, and the acquisition of detailed insights into their formation pathways starting from other intermediates.

Dienamine Catalysis: Mechanistic Insights {#sec4}
=========================================

The next step was to solve the "*E/Z* dilemma"^[@ref19]^ for the second double bond in dienamine catalysis:^[@ref18]^ the *Z/E* ratios of the second double bond did not correlate with the experimental *ee* values if a classical shielding model was assumed ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a). Furthermore, the preferred formation and the downstream reaction of the *Z* isomers was rationalized.

![Dienamine catalysis: (a) the *E*/*Z* dilemma; (b) γ-functionalization of pentenal. Different acids were used to detect the dienamines and shift the RDS. Adapted from ref ([@ref18]). Copyright 2016 American Chemical Society.](ar-2017-003203_0005){#fig5}

We chose the γ-alkylation of α,β-unsaturated aldehydes with Michler's hydrol as a model system ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b).^[@ref18]^ In accordance with previous studies,^[@ref20]^ an *E/Z*-dienamine ratio of ∼1/2 was detected for 2-pentenal. If *E/Z*-dienamines react at the same rate, the *ee* should be 33%. However, this does not correlate with the experimental *ee* values (28--92% *ee* depending on the catalyst). Thus, either a different *E/Z* ratio is formed in the presence of the electrophile or the activation barriers vary significantly in the downstream reactions of the *E*- and *Z*-dienamines.

As expected, the theoretical calculations predicted the *E*-dienamine to be thermodynamically more stable. However, TS calculations corroborated the kinetic preference for the formation of the *Z*-dienamine, most likely due to steric interactions in the TS. NMR experiments confirmed a very slow *Z* → *E* isomerization and the 1/2 *E*/*Z* ratio, which correlate to the situation in the formation step. Therefore, the dienamine downstream reaction was studied. Unfortunately, the dienamine formation is followed by a fast electrophilic addition. As a result, dienamine intermediates cannot be detected under typical reaction conditions. To slow the electrophilic attack, it was necessary to reduce the amount of active electrophile present, not in terms of absolute starting concentration but in maintaining a steady-state concentration during the whole reaction. For Michler's hydrol, this is possible by employing weak acids that release small amounts of the electrophilic carbocation. As a result, electrophile formation became the RDS, allowing detection of the dienamine by NMR spectroscopy ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a). Calculations confirmed that the TS of the attack on the *Z*-dienamine (TS-*Z*) is more stable than that of the *E*-form (TS-*E*). The structural and non-covalent interaction (NCI) analyses^[@ref21]^ revealed two major interactions that favor TS-*Z* ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b) and are responsible for the variation in the *ee* values obtained with different catalysts. In summary, the delicate interplay of the substrate, catalyst, and electrophile results in highly effective remote stereocontrol in dienamine catalysis.

![(a) Kinetic preference for *Z*-dienamine formation and consumption and (b) dispersive interactions favoring TS-*Z*. Adapted from ref ([@ref18]). Copyright 2016 American Chemical Society.](ar-2017-003203_0006){#fig6}

Asymmetric Brønsted Acid Catalysis {#sec5}
==================================

The success of chiral Brønsted acids in organocatalysis is linked to their broad applicability, high substrate tolerance, high yields, and excellent stereoselectivities.^[@ref22]^ However, structural elucidation of intermediates or prereacting complexes stabilized by NCIs in solution appeared to be very difficult. For example, the purely electrostatic interactions driving asymmetric counteranion-directed catalysis^[@ref23]^ may simultaneously produce numerous structures. In contrast, the H-bond formation in chiral Brønsted acid catalysis has several advantages: (i) the strong charge-assisted H-bonds reduce the number of possible complex structures; (ii) the extreme low-field H shift in strong H-bonds provides resolved signals that can be used as a starting point for structural investigation; and (iii) the H-bridges that consist of labeled or NMR-active nuclei allow the strategies developed for protein and small-molecule NMR spectroscopy to be used.^[@ref24],[@ref25]^ Thus, considering our experience in PO--HN H-bridges,^[@ref26]^ we selected the asymmetric transfer hydrogenation of imines in the presence of CPAs as our model reaction.^[@ref27]^ CPAs contain ^31^P as a 100% NMR-active nucleus, and the target imine substrate can easily be ^15^N-labeled.

According to the catalytic cycle proposed by Rueping in 2005,^[@cit27b]^ this transformation starts with the formation of a H-bond-assisted ion pair (binary complex) between the CPA and the imine. Subsequently, a fast *E/Z*-imine isomerization in the iminium ion binary complex was assumed, followed by the formation of a ternary complex with the Hantzsch ester ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}).

![Proposed Catalytic Cycle for Ketimine Hydrogenation^[@cit27b],[@ref28]^](ar-2017-003203_0014){#sch1}

Until recently, only one example of NMR characterization of a ternary complex in solution existed;^[@ref29]^ most of the structural information had been provided by DFT calculations,^[@ref28]^ and X-ray structures were rare.^[@ref30]^ With this background, our aim was to experimentally address the key points of the proposed mechanism and answer the following questions:1.What is the H-bond situation in the imine/catalyst binary complex?2.What is the structure of the binary complex?3.Which TSs are involved in the reaction? Is it possible to access them experimentally?

The main problem encountered in the NMR study of reactions mediated by CPAs is the complicated overlap of signals in the aromatic region due to the aromatic structures of both the catalyst and the imine. For this reason, our first study focused on investigating the H-bonding in the complex.^[@ref31]^ To simplify the spectra, the achiral catalyst diphenyl phosphate was used in combination with ^15^N-labeled aldimines and ketimines. In these initial measurements, ^1^H,^15^N magnetization transfers and coupling constants revealed the existence of iminium species. However, the low temperatures (240--180 K) necessary to resolve the sets of signals and allow the detection of H-bond signals revealed the formation of complicated mixtures of H-bonded species, which indicated broad conformational space and multiple aggregation states for the achiral catalyst. Thus, for the detailed analysis, we decided to employ a more sterically hindered CPA (TRIP).^[@ref32]^ The use of this catalyst allowed the complete characterization of the properties and geometries of the imine/(*R*)-TRIP binary complexes and started with the well-resolved proton chemical shift region of the H-bonds (no overlap with other signals above 10 ppm).

The first challenge was the selection of the right conditions for our NMR experiments. As shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a, toluene-*d*~8~ was not an appropriate solvent due to the extremely broad signals. Superior line widths and signal dispersion were obtained in CD~2~Cl~2~/freon mixtures ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b). Furthermore, equimolar amounts of ^15^N-labeled imine and (*R*)-TRIP were employed together with dry catalyst and anhydrous solvents to reduce imine hydrolysis.

![Improvement of chemical shift resolution in the ^1^H NMR spectrum of an imine/catalyst complex in going from (a) toluene-*d*~8~ to (b) CD~2~Cl~2~ at 180 K. Adapted from ref ([@ref34]). Copyright 2016 American Chemical Society.](ar-2017-003203_0007){#fig7}

The H-bond investigation started with an analysis of the chemical shifts in the region between 10 and 18 ppm and the ^1^*J*~NH~ coupling constants. Two characteristic doublets were obtained for the ^15^NH involved in the H-bond of each catalyst/imine combination ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b). Standard 2D ^1^H,^1^H NOESY experiments at 180 K were performed to distinguish between the *E*- and Z-imines inside the complex using the separated signals of the NH in the H-bond and in the methyl group. By combining the magnetization transfers through H-bond scalar couplings used by Grezciek^[@ref24]^ in biomacromolecules with the H-bond analysis of small-molecule systems mainly developed by Limbach^[@ref33]^ ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a), we could completely characterize the H-bonds in the binary complex. Our general idea was to determine the H-bond strength, the type of H-bond, and the atomic distances (*r*~OH~, *r*~NH~, *r*~NO~) from the ^1^H and ^15^N chemical shifts by applying the Steiner--Limbach correlation ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}c). Then the experimental coupling constants (^*n*h^*J*~XY~) between the nuclei connected through the H-bridge were used in combination with the distances derived from the Steiner--Limbach correlation to define the H-bond geometry.

![(a) Combination of strategies used to characterize H-bonds via (b) trans H-bond scalar couplings analysis and (c) a combination of chemical shift information. Adapted from ref ([@ref32]). Copyright 2016 American Chemical Society.](ar-2017-003203_0008){#fig8}

According to the Steiner--Limbach correlation, the proton position within the H-bond can be modulated by varying the acidity and basicity of the donor and acceptor in a stepwise fashion.^[@ref32],[@ref33]^ The parabolic dependence of the proton chemical shifts δ(O[H]{.ul}N) in combination with the linear dependence of the nitrogen chemical shifts δ(OH[N]{.ul}) allows the determination of the valence bond orders, *p*~XH~, by employing empirical correlations. Subsequently, the atomic distances can be derived from the bond orders. To fit the parabolic curve, several ketimine/acid complexes with different acidic and basic properties were analyzed. Strictly ionic species with moderate H-bonds were prepared by using HBF~4~ as the acid. Neutral H-bond complexes were obtained with acetic acid or phenols. (*R*)-TRIP was shown to form strong H-bonds with ion-pair character, as indicated by the strict parabolic progression ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}c). Moreover, the combination of the distances obtained from the Steiner--Limbach correlation and the trans hydrogen scalar coupling analysis revealed that the H-bond is nearly linear and is not influenced by the imine substitution. This analysis proved that the very strong charge-assisted H-bond in the TRIP/imine complexes acts as a structural anchor and may explain the high substrate tolerance of CPA-catalyzed transformations.^[@ref32]^

Parallel to the H-bond study, structural characterization of the binary complex was conducted using NMR spectroscopy and validated by quantum-chemical calculations.^[@ref34]^ To achieve the highest sensitivity possible and to determine the buildup linear region, 1D ^1^H,^1^H selective NOESY buildup studies were used, and they allowed the distance information to be determined ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}). However, the low temperatures necessary for the separation of the *E* and *Z* complexes led to large correlation times similar to those required for small proteins, which caused deviations from linearity even with τ~mix~ below 100 ms ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}b). When used in conjunction with the low signal intensities, this allowed for a qualitative interpretation of the NOEs ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a,c).

![(a) Calculated structure and experimental NOEs of a type I *E* binary complex. (b) NOE buildup curve. (c) Stacked plot showing the 1D selective NOESY spectra at 180 K in CD~2~Cl~2~ with different τ~mix~. Adapted from ref ([@ref34]). Copyright 2016 American Chemical Society.](ar-2017-003203_0009){#fig9}

Nevertheless, the combination of the known H-bond geometry and the NOE pattern allowed us to determine the core structures of the binary complexes. The possible arrangements of the *E*- and *Z*-imine isomers with respect to the catalyst were calculated, and four core conformations were found (denoted type I/II *E* and type I/II *Z*).^[@cit28b],[@ref34]^

In general, only one set of imine signals was observed in the complex, but the NOE pattern suggested two core structures. This result indicated that type I/II structures quickly exchange even at 180 K. Our structural analysis showed that the core structures are related by rotation and/or tilting by switching the H-bond acceptor. For the *E*-imine, the desymmetrization of the catalyst backbone clearly showed that type I *E* → type II *E* interconversion occurs via imine tilting inside the complex (imine oxygen switch; [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}a). In contrast, for the *Z*-imine, the signals of the two halves of BINOL are completely averaged. In this case, rotation and tilting are allowed because of the compact structure of the *Z*-imine ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}a). Furthermore, the NCI analysis showed that the binary complex is further stabilized by many dispersive interactions. For the *E*-imine, CH−π and π--π interactions between BINOL and the aromatic imine were observed in type I *E* and type II *E* complexes, respectively. For the *Z* complexes, type II *Z* is stabilized by interactions between the aniline ring and the binaphthyl backbone ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}b). The coexistence of the four core structures is seen in each series of aromatic imines investigated regardless of their electronic properties.

![(a) Interconversion of type I/II *E* structures at 180 K by switching the H-bond acceptor. (b) Stabilization of the *E*-imine binary complexes by dispersive interactions. Adapted from ref ([@ref34]). Copyright 2016 American Chemical Society.](ar-2017-003203_0010){#fig10}

![(a) Interconversion of type I/II *Z* structures via rotation and tilting. (b) Stabilization of *Z*-imine binary complexes by dispersive interactions. Adapted from ref ([@ref34]). Copyright 2016 American Chemical Society.](ar-2017-003203_0011){#fig11}

Our NMR studies showed that precatalyst complexes can be surprisingly dynamic even at 180 K despite the presence of a strong H-bond. In particular, switching between degenerate H-bond acceptors seems to have a very low activation barrier. In applying these results to catalysis, this analysis proved that the high structural invariance is caused by the strong H-bonds, hinting that dispersive interactions contribute to the high stereoinduction observed for CPA catalysts.

Experimental information about prereacting complexes is extremely important for mechanistic understanding. Nevertheless, the knowledge of the TSs is vital for comprehending the outcome of a stereo- or regioselective reaction, especially in Curtin--Hammett scenarios and kinetically controlled transformations. To date, direct detection of activated complexes has been possible only for elementary reactions using femtosecond time-resolved spectroscopy.^[@ref35]^ Because of poor time resolution, NMR spectroscopy does not allow analysis of the TSs. Therefore, theoretical calculations are generally used. However, we recently developed and applied a general strategy to experimentally elucidate the active TS combinations.^[@ref36]^ This technique exploits an external stimulus orthogonal to the reaction mechanism to modulate the equilibrium of slowly exchanging prereacting complexes. As outlined in [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}, the modification of the reaction outcome (rate and/or *ee* (**ΔP**)) is correlated with the change in the populations of intermediates **A** and **B** and reveals the active/major pathway. In this case, the pathway originating from intermediate **B** is the least demanding (major, [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}), and increasing the population of **B** will accelerate the reaction and/or eventually produce a higher *ee* value ([Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}, scenario 3). The applied external stimulus works as a mechanistic decrypter. Since in our model reaction light is employed as the external stimulus, the method is called decrypting TS by light (DTS-*h*ν) ([Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}). Evaluation of the changes in the characteristic fingerprint pattern (*ee* and reaction rate) upon illumination, as described in [Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}, allows deep mechanistic insight and reveals for the first time in a purely experimental manner the TSs involved in the reaction under study.

![Basic concept of experimental determination of TS combinations. In the DTS-*h*ν method, light is used as external stimulus (decrypter) to affect the equilibrium of slowly exchanging intermediates (**A** and **B**).^[@ref36]^](ar-2017-003203_0012){#fig12}

![DTS-*h*ν: illumination causes *E*-imine → *Z*-imine interconversion. The effective reaction rate is increased without changing the *ee*, indicating that scenario 2 is active. Adapted from ref ([@ref36]). Copyright 2016 American Chemical Society.](ar-2017-003203_0013){#fig13}

Mechanistic insight into the transfer hydrogenation of the imine was provided by the DFT calculations of Himo and Goodman.^[@ref28]^ A three-point interaction model was proposed for the TS, and the *Z* isomer was postulated to be the reactive species. Generally, the principle described above can be extended to resolve the TS involved in our model reaction. The light used as the external stimulus induces *E* → *Z* isomerization and increases the population of the putative reactive intermediate. When the *E* and *Z* pathways are competing, the rate and *ee* of the reaction should be amplified with increasing content of the *Z*-imine. However, the mechanism of the real reaction is more complicated. Given two possible sites of nucleophilic attack and two configurational isomers, there are four possible TSs and four possible scenarios leading to the correct enantiomeric product ([Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}).

Since no change in the enantioselectivity was observed with the increase in reaction rate upon illumination, we proved experimentally that ketimine reduction proceeds exclusively via the *Z* pathway ([Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}, scenario 2). The structural and NCI analyses demonstrated that the destabilization of TS-*E* is due to the extended structure of the *E*-imine, which causes elongation and weakening of the H-bond between the imine and CPA. In contrast, the more compact structure of the *Z*-imine allows the formation of a stronger H-bond in the TS.

Both our NMR investigation and the results of the DTS-*h*ν method showed that the imine isomerization is slow. Overall, DTS-*h*ν provides the first purely experimental access to the TS combinations by illuminating the reaction and comparing the obtained reaction rate and enantioselectivity to those obtained from reactions conducted in the dark. The method can be applied when there is no significant photodegradation and the principal reaction mechanism does not change upon irradiation.

Conclusions {#sec6}
===========

This Account has summarized the work done in our research group in the past 7 years on the detection and characterization of elusive intermediates in organocatalysis and experimental access to TS combinations. Detailed mechanistic investigations were made possible by combining NMR spectroscopy, adaptation of synthetic procedures to NMR requirements, theoretical calculations, and photoisomerization. We have established a synergy between different strategies that may benefit other research fields by direct transfer of the general concepts we have developed.
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